Previous event-related potential (ERP) studies of eye movements were restricted to saccades, the rapid conjugate movements used to change direction of ¢xation.Our study explored ERP activity for vergence eye movements used for the adjustment of the angle of the visual axes to the distance of the object. These movements are essential when exploring the natural 3D world. Subjects made the following visually guided movements to LED targets: pure convergence or divergence along the median plane, pure lateral saccades within the same distance, and combined movements (lateral and divergent or convergent). ERPs were recorded from 14 surface electrodes and were analyzed for 200 ms prior to the onset of the eye movement. The highest activation was observed prior to vergence. Activation was di¡used and peaked at 50 ms prior to the onset of vergence. Combined vergence and sacccadic movements revealed a composite pattern of ERP activity from both saccades and pure vergence. These ¢ndings suggest a cortical substrate for vergence eye movements in humans that is engaged in the natural exploration of visual space. NeuroReport 13:1893^1897
INTRODUCTION
Saccades are the rapid conjugate eye movements used to change the direction of fixation. Studies of EEG activity preceding eye movements have been largely restricted to saccades. When exploring the natural 3D environment, vergence eye movements (slow movements in depth, in opposite direction for the two eyes) are essential to adjust the angle of the visual axes according to the distance of the target. Most frequently, objects in space differ both in direction and in depth and call for combined saccadevergence eye movements. The goal of this study was to explore cortical activation prior to vergence and combined eye movements using event-related potentials (ERPs).
Human studies of the cortical substrate of vergence eye movements are rather scarce. In a PET study, Hasebe et al. [1] reported activation of the temporo-occipital junction bilateraly, of the left inferior parietal lobule and of the right fusiform gyrus in relation to vergence eye movements. Kapoula et al. [2] have shown that TMS of the right posterior parietal area causes latency prolongation of both saccades and vergence eye movements, which indicates that this area is involved in the control of both types of eye movements.
The main questions asked in the present study are two: (1) what is the pattern of ERP activation related to vergence eye movements? Is it different for convergence and divergence? (2) What is the pattern of ERP activation for combined eye movements? Is it similar to that of vergence, that of saccades or to both?
MATERIALS AND METHODS
Subjects: Seven subjects (four male) were tested (mean age 33, range 21-48 years). Corrected visual acuity was 20/20 for both eyes for all subjects; eye motility and ocular alignment were all normal. Binocular vision was normal (the TNO test for stereoscopic vision was 60 sec arc or better). Vergence capacity (measured clinically with a bar prism test) was normal. Interocular distances ranged from 6.5 cm to 7 cm (mean 6.6 7 0.27 cm).
Visual display: The subject's head was stabilized with a chin rest. Three light-emitting diodes (LEDs) (one at the center and one on either side) were positioned at eye level on two isovergence circles at two distances: the close circle of the LEDs was at 20 cm for five of the subjects, and at 23 cm and 32 cm for the other two subjects (distance at which these subjects could readily maintain their eyes converged). The far circle of the LEDs was at 140 cm for all subjects. Vergence angles for fixating any of the three LEDs at the far circle were 2.6-31, depending on the interocular distance of the subject, average 2.75 7 0.11. Vergence angles for fixating any of the LEDs of the close circle ranged from 12 to 191, depending on the distance and on subject's interocular distance (mean 17.25 7 2.441). The eccentricity of the lateral LEDs was 111 for both distances. All LEDs were visible.
Oculomotor task: Each trial started with one of the central LEDs (the far or the close) being lit. This provided a fixation stimulus for a period of 3-4 s randomized by a step of 50 ms. The central LED was then switched off and simultaneously one of the remaining five LEDs was switched on for 1.5 s. The subject was instructed to fixate this target LED as quickly and as accurately as possible. The LED arrangement used allowed the performance of ten types of eye movements: (1) pure convergence or (2) divergence along the median plane (when the target LED was the other central LED), (3) pure saccades when the target LED was left or (4) right from the fixation LED at the same far isovergence circle, (5) pure saccades when the target LED was left or (6) right from the fixation LED at the same close isovergence circle, (7) combined divergent movements from close center to far left or (8) right, (9) combined convergent movements from far center to close left or (10) right. These types of eye movement were interleaved and appeared five times each. Most subjects performed two blocks with a short pause between (total 100 trials/subject).
Eye movement recording: A PC controlled the LEDs and collected the EEG and eye movement data. LEDs were placed at eye level to avoid vertical eye movements; horizontal movements from both eyes were recorded with a photoelectric device (IRIS, SKALAR). Eye position signals were low-pass filtered with a cut-off frequency of 200 Hz and digitized with a 12-bit analogue-to-digital converter. Each channel was sampled at 200 Hz.
EEG recording and processing: The EEG (time constant 10 s, bandpass filter 0-75 Hz, monopolar recordings, interlinked ears as reference) was recorded from 14 surface electrodes. Calibration was performed using 50 mV pulses. Electrodes were placed at the following sites (10/20 international system): F3, FZ, F4, FC3, FC2, C3, CZ, C4, CP3, CP2, P3, PZ, P4, OZ. For presentation of ERP waveforms in Figures 1 and 2 we have marked the location of the central electrode CZ in reference to which all other electrodes were placed. The EEG signals were digitized at 200 Hz and stored into a PC for further analysis.
Analysis of data: An operator scrutinized the eye position and the EEG signals. Trials with blinks, or with very long eye movement latencies (4 500 ms), or movements in the wrong direction, were discarded both from the eye movement and the EEG signal analysis (about 5-10%, depending on the subject). Short eye-movement latencies (o 200 ms) were almost absent in this paradigm. The two eye position signals were calibrated for each eye. Then, the vergence was calculated (leftÀright eye position difference); for saccades we calculated the conjugate signal (left þ right eye position/ 2). Saccade onset was defined as the time when the eye velocity exceeded 451/s; vergence onset was defined as the time point when the eye velocity exceeded 51/s [2, 3] . For combined movements, the onset of the conjugate saccadic component was determined using the same velocity criterion as for pure saccades; the onset of the disconjugate or vergence component was taken at the same time point. Statistical analysis on latency of eye movements was performed with Student's paired t-test.
Analysis of ERP data: For each individual trial we analyzed the period 200 ms prior to the onset of the movement where we selected four time slices at À50, À100, À150 and À200 ms; for each time slice we estimated the mean of five consecutive values (considering the sampling rate of 200 Hz). The five values for each slice covered the periods À210 to À190, À160 to À140, À110 to À90, À60 to À40 ms respectively. We excluded the last 40 ms prior to eye movement offset to avoid interference with the spike potential [4] . Each of these four values was subtracted from the baseline. The baseline was estimated from the same individual trial as the mean of amplitude values over the 200 ms of eye fixation prior to the onset of the target.
For statistical analysis, the fourteen electrode sites were treated in three groups and the mean amplitude was calculated for each group: the anterior group contained channels F3, FZ, F4, FC3, FC2; the central group contained channels C3, CZ, C4, CP3, CP2, and the posterior group contained channels P3, PZ, P4 and OZ. Statistical analysis was performed by means of ANOVA with time as repeated measure (four time intervals, À200, À150, À100 and À50 ms), subject as a random effect factor, and as fixed factors, the class of eye movement (saccade, vergence, combined), and the electrode group (anterior, central, posterior). Directionality for left vs right saccades was not taken into account for the statistical analysis because of the limited number of observations per direction for each subject. Comparison of data between subjects was not made because of the limited number of trials per subject for each class of movements. Nevertheless, the use of random effects ANOVA, reveals the existence of common effects for different subjects. We also analyzed specific effects in separate ANOVAs using the following groups of eye movements: (a) the effect of distance for saccades (far vs close); (b) the type of vergence (convergence, divergence); (c) the type of combined movements (two groups, combined convergent, combined divergent). Post-hoc comparisons were also performed using the least significant difference (LSD) test and p o 0.05.
For graphic representation, the signals were averaged initially according to the class of eye movement (saccade, vergence, combined, see Fig. 1 ). For pure saccades, potentials prior to leftward or rightward saccades were pooled together in order to provide ipsilateral midline and contralateral recordings in relation to eye movements. We also present ERP differences (pure saccades at close minus pure saccades at far, pure divergence minus pure convergence, and combined divergence minus combined convergence, see Fig. 2 ).
RESULTS
Latency of eye movements: All latencies were between 170 and 250 ms, typical for visually guided movements. The latency of saccades at close was significantly shorter than that of saccades at far (group mean (7 s.d. 175 7 11 ms vs 209 7 29 ms, p o 0.037). The latency of pure convergence was longer (265 7 27 ms) than the latency of pure divergence (221 7 14 ms, p o 0.04). Latency of combined movements was 237 7 34 ms for convergent, and 232 7 38 ms for divergent movements. Both these latencies were significantly longer than those of pure saccades at close (p o 0.009 and p o 0.001, respectively). In summary, latencies were longer for convergence and combined movements and shorter for saccades at close distance.
ERPs for different classes of eye movements: Figure 1a shows the grand averages of the event-related potentials obtained with triggering at the onset of the different types of movements for a period of À200 ms. Vergence was associated with the highest activity (negativity, upward inflection of the signals). This activity peaked at À50 ms prior to the onset of the movement. Combined eye movements showed less activity than vergence, and pure saccades were associated with the lowest activity. The ANOVA showed a significant interaction of the electrode group with time (F ¼ 3.17, p ¼ 0.01). Most importantly, there was a significant three-way interaction between class of eye movement, electrode group and time (F ¼ 1.96, p ¼ 0.04). Post-hoc comparisons (see Fig. 1b ) showed that at À50 ms prior to the onset of the movement the activity for vergence was significantly higher than the two other classes of eye movements for all electrode groups. In contrast, earlier in time (À150, À100 ms) the activity associated with vergence was larger than that for the other two classes of movements only for the anterior electrode group. Thus, vergence was associated with a larger ERP that was first observed over the anterior sites and then, close to the movement onset, over all sites. Figure 2a shows difference potentials for pure saccades at two different distances (close minus far). The difference potentials are positive, suggesting higher activity for saccades at close, particularly for the anterior electrode group. The ANOVA, however, did not reveal any significant effect of distance or interaction for the saccade related ERPs. Figure 2b shows vergence difference potentials (divergence minus convergence). The differential potentials are positive, indicating a preponderance of activity for divergence. The differential activation peaks close to the onset of the movement (À50 ms). The ANOVA confirmed a two-way interaction between the type of movement (divergence, convergence) and the time (F ¼ 3.17, p ¼ 0.05). Post-hoc analysis (see Fig. 2d ) showed significant difference in the activation between the two types of vergence at À50 ms and at À150 ms (p o 0.01), and a marginally significant difference at À100 ms (p ¼ 0.051).
Specific ERP comparisons:
For combined eye movements, the difference potentials (combined divergent -combined convergent) are shown in Fig. 2c . As for pure vergence, higher activity was observed for divergent than for convergent combined eye movements. The ANOVA confirmed a significant two-way interaction between type of combined eye movements and time (F ¼ 3.6, p ¼ 0.03). There was also a two-way interaction between electrode groups (anterior, central, posterior) and time (F ¼ 6.1, p ¼ 0.0002). Also, a significant three-way interaction between type of eye movement, electrode group and time was observed (F ¼ 3, p ¼ 0.02). Post-hoc analysis (see Fig. 2e ) confirmed that combined divergent eye movements showed larger activity than combined convergent eye movements and these differences appeared at different time slices for different electrode groups: at À50 and at À100 ms significant differences were observed only for the anterior group while at À150 ms there was a significant difference for all electrode groups.
DISCUSSION
Latency of eye movements: Convergence showed longer latency than divergence. This is in agreement with earlier studies [3, 5] and with the baseline data in the study of Kapoula et al. [2] . The latency of combined movements was longer than saccade latency, as shown also by Takagi et al. [3] , and could be related to the increased load of processing needed to control both direction and depth. The shortest latencies were observed for saccades at close distance and this is a new finding. However, differences in latency of saccades at far vs close were not accompanied by significant differences in the ERP pattern of activation.
Increased ERP activity for vergence: Our major interest was the ERP activity related to motor preparation of different classes of eye movements. For this reason ERPs were aligned to the onset of the eye movements. We observed a significant ERP activity prior to vergence eye movements. This activity was widespread over anterior central and posterior cortical areas. This vergence related ERP was significantly larger than the ERP observed prior to combined movements or prior to saccades.
Earlier studies suggest that ERP activity prior to saccades reflects non-specific, general processing such as effort or alertness [6] . More recent studies reported specific amplitude changes reflecting task or subject-related factors such as training [7] , saccade type (centrifugal vs centripetal [8] ) and task duration [9] . The higher activity for vergence movements could then be associated with the task-related factors. As mentioned, pure vergence eye movements along the median plane are rare under natural conditions where objects differ both in direction and in depth and call mostly for combined eye movements. Our subjects were untrained to this type of repetitive vergence along the median plane. The higher ERP activity could reflect increased attention and perhaps motor effort for such vergence movements.
Topography:
The preparation of different types of saccades (reflexive vs volitional) requires the activation of different circuits of cortical areas [10] . The question of the exact cortical origin of the vergence-related ERP could not be investigated in our study due to the limited number of electrodes used. However, at a gross level of frontal (anterior) vs parietal (posterior) topography the ERP activity prior to saccades has been shown to vary for different types of saccades. For example, anti-saccades are preceded by frontal activity close to the onset of the movement [11, 12] . Also, a specific lateralized cortical ERP was related to shifting of visual spatial attention [13] . In our study, the anterior areas were more activated prior to pure vergence than prior to saccades or combined eye movements. Although precise correspondence between electrode sites and ocular motor areas is not possible, this is consistent with electrophysiological evidence on the involvement of the frontal cortex on the control of vergence [14] . Vergence activation generalized to central and/or parietal areas as the movement onset approached. Evidence in humans for the involvement of the posterior parietal cortex on the control of vergence is consistent with previous findings from PET [1] and TMS [2] .
Preponderance of ERP for divergence: Activity was higher prior to divergence than prior to convergence, despite the fact that latency of divergence eye movements was shorter. It could be that the transition from close to far space is associated with larger ERP activity. The hypothesis of space segregation is compatible with electrophysiological evidence for multiple representations of space e.g. in the parietal cortex [15] . Our observation of higher activation prior to divergence is also in line with the TMS study of Kapoula et al. [2] , who reported a larger prolongation of latency for divergence than convergence suggesting a larger disruption of function for divergence.
Combined eye movements -a specific pattern of ERP: These eye movements are the most frequent movements performed in everyday life. Combined eye movements were preceded by ERP activity that was significantly lower in magnitude than pure vergence but still higher than that observed with saccades. Similar to pure vergence, combined divergent movements showed a larger ERP activity than combined convergent ones at À150 ms, but at À50 ms the difference between the two was located in the anterior areas only. Thus, the pattern of divergence preponderance for combined movements was not identical to that found for pure divergence. Also, the existence of a difference between the two types of combined eye movements indicates that activation for such movements is not similar to that found for saccades either. Thus the results on combined movements have components related to both saccades and vergence. This finding is compatible with the hypothesis of co-activation and interaction of the saccade and vergence sub-systems capable to produce rapid vergence during the saccade [16, 17] .
CONCLUSION
This is the first study to report an ERP reflecting cortical activation prior to pure vergence eye movements along the median plane; vergence activation was larger than activation preceding combined eye movements or saccades, particularly over the anterior sites. Moreover, divergence was associated with higher activation than convergence. Similarly, combined divergent eye movements showed higher activation than combined convergent eye movements. The ERP level of activity for these movements was intermediate between that found for saccades and that found for pure vergence, suggesting a possible co-activation of vergence and saccadic systems at the cortical level.
